Abstract: Soil organic matter (SOM) can directly be affected by wildfires, both in terms of quantity and quality. The combustion is often incomplete, leading to the formation of pyrogenic organic matter (PyOM), a highly heterogeneous material with prevailing aromatic nature. Focusing our attention on PyOM, we investigated an altitudinal soil sequence on Mount Etna, Italy, ranging from 500 m to 1800 m asl, where the fire frequency is assumed to have been higher at lower elevations due to a warmer and drier climate. We evaluated the effect of fire on the chemical and physical characteristics of SOM along the altitudinal sequence. At two sites at a similar altitude but having a different recent fire history, we also examined the effect of fire frequency on SOM. Chemical oxidation of SOM with acid dichromate was used to evaluate the contribution of pyrogenic organic carbon to total SOC. Furthermore, four SOM density fractions were separated and characterised for principal composition, spectroscopic properties by Diffuse Reflectance Infrared Fourier Transform (DRIFT) and Nuclear Magnetic Resonance (NMR), and particle morphology by Scanning Electron Microscopy (SEM). The stocks of C and N as well as the chemical oxidation resistant carbon (COREC) increased with decreasing altitude, hence supporting the hypothesis of higher fire frequency at lower altitudes. The highest C concentrations were found in the density fraction 1.0-1.6 g cm³. At the lower sites, a considerable amount of aromatics, and hence a significant part of COREC, was found in the density fraction 1.0-1.6 g cm³ except for (macro)charcoal that occurs in the lightest fraction (b 1.0 g cm³). The properties of this latter density fraction seemed to be well related to vegetation characteristics. The dichromate oxidation procedure, however, has methodological restrictions. This procedure resulted here to be poorly specific for PyOM in the investigated soils, since it isolated a fraction rich in lipids. The lack of specificity for PyOM is most likely due to the rather low content of aromatics in SOM, although fire frequency was relatively high. 
Introduction

1
Mediterranean landscape has been shaped by wildfires over millennia, so much that the indigenous 2 vegetation became adapted to face the deleterious effects and acquired the ability to grow and 3 reproduce quickly (Scarascia-Mugnozza et al., 2000) . At the beginning of the Holocene, high 4 climate seasonality favoured fire expansion in the Mediterranean region. Human impact also 5 affected fire regimes and especially fire frequencies since the Neolithic (c. 8000-4000 y BP;
6 Vanniere et al., 2008; Noti et al., 2009 ). Burning as a consequence of anthropogenic activities 7 became more frequent after the onset of the Bronze Age (c. 3800-3600 y BP) and appears to be 8 synchronous with the development of settlements in the region, slash-and-burn agriculture, animal 9 husbandry, and mineral exploitation (Vanniere et al., 2008) . This finally caused significant changes 10 in the vegetational communities (e.g. temporal decline of Quercus ilex forests and expansion of 11 shrublands and maquis; Vanniere et al., 2008) .
12
In the near future a higher fire frequency is expected in the Mediterranean basin due to increasing 13 temperature and decreasing precipitation (IPCC Fourth Assessment Report, 2007; Moriondo et al., 14 2006). As a consequence of climate warming, new areas with high structural continuity will 15 increase the risk of extreme fire behaviour. Furthermore, the fuel types are strongly influenced by 16 climate (Alvarez et al., 2012) . Soils, which suffer many consequences of the occurrence of fires 17 (Certini, 2005) , will probably experience marked C losses because of combustion (Certini et al., 18 2011) or post-fire erosion (Shakesby, 2011) . Of the soil components, soil organic matter (SOM) is 19 in fact the one most directly affected by fire being the fuel in soil. When the fire intensities are not 20 extreme, heating turns SOM to pyrogenic organic matter (PyOM) that was defined by Masiello
21
(2004) as a continuum of combustion products ranging from slightly charred degradable biomass to 22 highly condensed refractory soot. Although modern studies have demonstrated that PyOM is not so 23 resistant to decomposition as previously assumed (Bird et al., 1999; Hamer et al., 2004; Knicker et 24 al., 2006) , it can still be considered as the most recalcitrant component of SOM (Kuhlbusch and 25 4 heterogeneous, mostly depending on the plant materials composition and burning conditions. It is 1 characterised by hetero-aromatic forms (González-Pérez et al., 2004; Knicker et al., 2006 Knicker et al., , 2008a .
2
Since SOM fractions have a narrower range of properties compared to the bulk, a physical 3 fractionation can be useful to study such a complex mixture of thermally altered 4 biomacromolecules. In particular, density fractionation allows to obtain a light SOM fraction, 5 consisting of slightly decomposed plant and animal residues with a rapid turnover, and a heavy 6 SOM fraction, which includes the SOM involved in organo-mineral complexes that is thought to 7 contain more humified residues with a lower C/N ratio and a lower turnover rate (Glaser et al., 8 2000) . PyOM is usually reported to be mainly concentrated in the light pool (Skjemstad et al., 1990; 9 Golchin et al., 1997; von Lützow et al., 2007) .
10
The aim of this work is to assess the effect of fire on SOM content and composition along an 11 altitudinal and climatic sequence on Mount Etna (Sicily) where Egli et al. (2012) found evidences 12 that fire activity was higher at lower elevated sites by studying the radiocarbon age of charcoal 13 particles and the stable fraction of soil organic matter. Our hypothesis is that the higher fire 14 frequency at lower elevated sites left a strong fingerprint on SOM, mostly detectable by the 15 accumulation of aromatic compounds. In such an environment, fire is a principal factor of soil 16 formation and a higher fire frequency is expected for the near future. Our study of SOM from this 17 sequence shall help to provide predictions on the fate of OM in the soils at higher elevated sites. In 18 this regard, we intended also to look for signals of a direct effect of fire frequency by comparing 19 two sites of the topo-climosequence having similar altitude and properties, except the recent fire 20 history.
21
To accomplish this purpose, soil samples were separated on a density basis into four fractions, 22 which were analysed for principal chemical composition (organic C, total N) and spectroscopic between xeric to udic and thermic to frigid, respectively (Raimondi et al., 1999) . All selected sites 22 were north-facing and the chemical and mineralogical composition of the parent material was 23 similar (cf. Table 2 ). Five sites were located on a lava flow and a sixth one (site 6) on another lava 24 flow having (Fig. 1) , however, the same composition. The lava flows were trachy-basalts (alkali 25 mugearite) that can be attributed to the recent Mongibello chronozone (8 ky) or the ancient 6 Mongibello chronozone (about 15 ky) (Egli et al., 2012) . Dating of lava flows in the Etna region 1 was done by chronostratigraphic studies (Romano, 1979; 1983) better foreseeable and controllable than a common bush fire.
9
To discriminate the effects of fire frequency on soil organic matter, we compared sites 4 and 6, both per decade while site 6 burned almost every year (Forest Service, personal communication).
13
At each site, three soil profiles were opened and sampled at 0-10 and 10-30 cm depth intervals. This 14 procedure has been chosen for a better comparability of the results; it however neglects the genetic 15 soil horizons. One to three kg of soil material were taken from either depth interval; such unusually 16 large amounts are actually needed for coarse-textured soils to be representative samples (Hitz et al., 17 2002). Soil bulk density was determined by a core sampler (100 cm 3 ), taking 2-4 replicates for each 18 depth interval or, when the stoniness was high, by excavating holes backfilled with quartz sand
19
(irregular hole method, as described in Howard and Singer (1981) Density fractionation was performed on a composite sample (combining aliquots from the 3 profiles 5 per site) following a procedure adapted from Christensen (1992), which is based on the use of Na-6 polytungstate solutions with different concentrations. The following fractions were separated: <1.0 7 g cm -3 , 1.0-1.6 g cm -3 , 1.6-2.0 g cm -3 and >2.0 g cm -3 . In brief, 40 g of fine earth was put in 400 mL 8 of deionised water, slightly stirred for 12 h, then centrifuged for 10 min at 5,000 g. The supernatant 9 was skimmed off and evaporated, so obtaining the <1.0 g cm -3 fraction. The residual sample was 10 dried at 40 °C and mixed to a sodium polytungstate solution with a density of 1.6 g cm -3 . After an 11 ultrasonic treatment of 50 J mL -1 for 40 s, we centrifuged the suspension for 30 min at 3000 g. The
12
supernatant was skimmed off and evaporated, so obtaining the 1.0-1.6 g cm -3 fraction. The same
13
procedure was finally applied to the residue using a polytungstate solution with a density of 2.0 g 14 cm -3 , so as to separate the 1.6-2.0 g cm -3 fraction from the >2.0 g cm -3 one. 
22
To quantify the relative contribution of single C moieties, we divided the intensity (area) of each 23 peak of the DRIFT spectra by the sum of the intensities of all peaks taken into account (see Table 3 ) 24 using the software OPUS 6. acquired, depending on the sample, with a 4 s repetition time, using a contact pulse of 2 ms and a 5 60-kHz radiofrequency field. All spectra were recorded at room temperature, spinning at the magic 6 angle at 5.0 kHz.
7
We applied this technique to the density fractions, combining equal aliquots from the top 10 cm of 8 the soil at the highest altitudes (subjected to a lower fire frequency), 1 and 2, and, separately, of the 9 lower sites, 4 and 6 that are subjected to a high fire frequency. The fractions < 1, 1-1.6 and 1.6-2 g 10 cm -3 were analysed.
11
A semiquantitative determination of the main C forms was done integrating the chemical shift
12
regions of the spectra and expressing them as percentages of the total area between 0 and 220 ppm: to 220 ppm (aldehydes, ketones) (Wilson, 1987 The mean concentrations of carbon and nitrogen tended to slightly decrease with altitude in both the 8 0-10 and 10-30 cm soil layers (Table 4 ). The C and N stocks showed the same trend, especially for 9 the deep layer (10-30 cm) (Fig. 2) . Egli et al. (2007; 2012) matrix and reduced summer aridity (González González et al., 2012) . In the Etna region, the clay 5 content and a Ca-saturated soil matrix are of minor importance because the clay content is low and 6 the soils and parent material are acidic.
7
Therefore, the elevational trend of the SOC stocks must be also related to the accumulation of fire-8 derived OM at lower sites, where fire is more frequent.
9
The increasing C and N stock trend with decreasing altitude was much more evident in the deeper 10 layer ( Fig. 2) . Here, more C seems to be stored at lower altitudes. As observed in the field, charcoal
11
(macrocharcoal) was able to migrate through macropores to deeper layers due to a good aeration 
17
The elevational trend is more evident for N than for C in these soils (Fig 2) ; this could be a further by pine stands having a poorly developed understorey. Consequently, the more distinct altitudinal 22 trend of N, particularly for the deep layer, could also be due to fire effect. increasing the C/N ratio, whereas heating at higher temperatures, up to 400-500°C, leads to a 1 preferential loss of carbon over nitrogen.
2
The two sites at the same elevation and with a different recent fire history, site 4 and site 6, did not 3 show any relevant differences in terms of soil C and N concentrations and stocks (Table 4 , Fig. 2 ).
4
The SOC concentration in the density fractions usually decreased with increasing density in both 5 soil depths, with a single exception for the fraction 1.0-1.6 g cm -3 that, on average, had the highest 6 C concentration (Table 5 ). Site 6, where nearly a fire per year occurred in the last two decades, had 7 the highest C concentration in the fraction 1.0-1.6 g cm -3 in both investigated soil layers. This effect 8 does not seem to be due to climate/vegetation properties but rather to the fire frequency, because 9 site 4, having the same altitude and vegetation, had a much lower C concentration in this fraction 10 than site 6. In this regard several authors report that fire-derived carbon is mainly concentrated in 11 the 1.0 -2.0 g cm -3 fraction (e.g. Skjemstad et al., 1990; Golchin et al., 1997; von Lützow et al., 12 2007).
13
In the various density fractions (all soils) nitrogen followed quite similar concentration trends to 14 those observed for C. In particular, also for N the highest concentrations were found in the 1.0-1.6 g 15 cm -3 fraction (Table 5) .
16
The lighter fractions often showed a higher C/N ratio than the heavier ones, supporting the The Japanese Andosols however contained a high amount of allophane (that has a low density of 1 1.9 g cm -3 ). Consequently, most C was found in the fraction 1.6 -2.0 g cm -3 (about 65% of total 2 SOC).
3
The amount of C and N in the lightest fraction of SOM often depends more on the 4 vegetation/climate effects than on soil properties, since this fraction has little interaction with 5 minerals. In our altitudinal sequence, the highest sites showed the largest amount of C and N in the 6 lightest fraction, probably due to accumulation of pine litter, which is notoriously a poor quality 7 litter. In forests, humus type and organic matter input strongly depends on the tree types. Díaz-Pinés (Table 6 ). Only small differences seemed to occur with respect to the relative proportion of 21 functional groups.
22
Also the 'twin' sites 4 and 6 showed only minor differences: in particular, site 4 had less intense 23 signals related to phenolic and aliphatic components and an apparently higher contribution from 24 carboxylic groups than site 6 (Table 6) .
The C-OH stretching of aliphatic, alcoholic O-H showed a marked difference in intensity between 1 the more elevated sites (1 and 2) and the others, especially in the top 10 cm of soil. This difference 2 could be caused by the change in the vegetation type, i.e. to the transition from conifer stands to 3 maquis/oak tree vegetation (Table 6 ).
4
The relative proportion of methyl and methylene groups in the top soil layer increased with altitude 5 (Fig. 4) . Since Simkovic et al. (2008) detected a decrease in intensity of the FTIR peaks of these 6 functional groups after heating a soil sample, our finding could be additional evidence that fire 7 frequency at Mt. Etna was historically higher with decreasing elevations.
8
The hydrophobic character of a soil is essentially due to the methyl, methylene and methine and B the bands of hydrophilic C=O functional groups, which in our spectra were at 1725 to 1710 13 cm -1 and at 1660 to 1600 cm -1 (Table 3) . We did not find any trend of the A/B ratio with altitude 14 (Fig. 5) , neither in the topsoil nor in the subsoil. The A/B ratio for the 2 depths seems to have an 15 overall opposite behaviour with altitude. The reason for this is however not clear.
16
Aliphatic and phenolic compounds (1470 -1440 cm -1 and 1413 -1333 cm -1 , respectively) 17 decreased with increasing density with the exception of the fraction <1.0 g cm -3 (Table 7) . These density. In the topsoil, they were concentrated in the heaviest fraction, probably due to the 22 association with minerals that tends to protect these labile components from degradation (Table 7) .
23
In the deeper layer, the highest abundance for proteinaceous compounds, however, was found in the 24 1.0 -1.6 g cm -3 fraction, possibly indicating here a larger concentration of fire derived compounds
In contrast to our expectance, the relative intensity of the DRIFT peaks that are indicative for 1 aromatic carbon mostly showed a similar concentration for site 4 and 6, both in the bulk soil and the 2 density fractions. The aromatic components seemed to be more abundant at site 4 in the 1.0 -1.6 g 3 cm -3 fraction. However, as suggested by Knicker (2007) , multiple burning does not necessarily lead 4 to an increase in the degree of SOM aromaticity. The absence of this relationship is due to the fact 5 that the new shrub and herb cover developed after a fire provides an available fuel that could burn 6 completely leaving little char. Moreover, also the previously accumulated charcoal could be 7 oxidised during burning. 1 and 2 (low fire frequency) vs sites 4 and 6 (high fire frequency). Figure 6 shows the NMR spectra
13
and Table 8 their intensity distribution of all soil fractions except the >2 g cm -3 one, which did not 14 produce any significant signal because of its too low C content (less than 1% in weight after the HF 15 treatment). Only four chemical shift regions were considered in Table 8 since aldehydes and   16 ketones, when present, were negligible.
17
In general, only rather small differences in the NMR spectra between the density fractions was 18 detectable, hence indicating a more or less similar SOM composition ( et al., 1996) .
2
The 1.0 -1.6 g cm -3 fraction showed a less intense signal in the O-alkyl C region and a more 3 intense peak in the aromatic C region compared to the other fractions. This fraction seems to 4 contain more PyOC compared to the other fractions, as shown by the occurrence of a major signal 5 at around 130 ppm (Skjemstad et al., 1996) . The 1.6 -2.0 g cm -3 fraction finally showed a 6 pronounced, sharp peak in the alkyl C region, indicating the presence of waxes, cutin, suberin and 7 other lipids (Table 8 ).
8
Composite samples from the two highest sites showed a more intense signal in the aromatic region 9 in the 1.0 -1.6 g cm -3 fraction than samples ( 
SEM observations
18
Scanning electron microscopy (SEM) showed that the density fractions display different 19 morphologies (Fig. 7) . The lightest fraction mostly included undecomposed and slightly 20 decomposed OM whose structure was often still recognisable. Also, a few charcoal fragments were 21 detectable in this fraction. In the fractions 1.0 -1.6 g cm -3 and 1.6 -2.0 g cm -3 , there were many
22
aggregates having an organo-mineral character that undoubtedly contributes to the protection of the 23 organic component from biogenic decay (Christensen, 1992) . Finally, the > 2.0 g cm -3 fraction was 24 dominated by mineral particles while the organic material was hardly visible. used. We found that within 3 to 6 h the litter was totally oxidised, while the residual carbon of the 17 soil samples amounted to 10 to 14%. Finally, the carbon of the finely ground charcoal that resisted 18 to the treatment was 91% of the original amount after 6 h and 19 h. Following these results, we 19 chose to apply an oxidation time of 6 h.
20
The COREC fraction ranged between 0 and 35% of total OC ( Table 9 ). The total C and N stocks 21 and concentrations of this fraction increased with decreasing altitude (Fig. 9 ). This would again 22 support the hypothesis of an increasing influence of fire on SOM properties at low elevations. The
23
NMR analyses revealed that the COREC had a prevailing lipidic nature due to the signal being 24 mostly confined to the 0 -30 chemical shift region (Fig. 10) . In addition, the C/N ratio of the 25 expected for PyOC. In our case, the dichromate oxidation resulted to be non-specific for PyOC, In the investigated toposequence on Mt. Etna, there is undoubtedly an effect of fire on SOM. This 9 effect is difficult to quantify. In fact, the factor 'fire' is not the only one that determines SOM 10 properties. Furthermore, methodological constraints with respect to the dichromate method limit particularly at the site affected by annual fire.
22
The COREC stocks exhibited an increasing trend with lower altitudes where a higher fire frequency where PyOM is preferentially confined.
5
In spite of the relatively high fire frequency, the content of aromatic compounds was in general 6 modest in the studied sequence on Mt. Etna. Bulk soil and density fractions were instead rich in 7 lipids. Either not much of aromatic compounds, besides macro-charcoal, were produced by fire 8 events (due to the high severity of the fire events) or they were partially oxidised by the high fire 9 frequency that in turns could stimulate the production of fresh labile biomass (fertilising effect of 10 ash) that masks the contribution of PyOC to SOM. Hernández, Z., Almendros, G., Carral, P., Álvarez, A., Knicker, H., Pérez-Trujillo, J.P., 2012.
19
Influence of non-crystalline minerals in the total amount, resilience and molecular composition 
20
Pergamon Press, Oxford. Table 3 . Major IR absorption bands and assignments (Piccolo and Mirabella, 1985; Stevenson, 1994; Senesi et al., 2003; Tan, 2003 Table 5 . C and N concentrations and C/N ratio in density fractions from 0-10 cm and 10-30 cm soil depths along the toposequence.
Soil depth cm / C concentration in fractions (g/kg) N concentration in fractions (g/kg) C/N (site) and altitude m asl < 1 g cm -3
1 -1.6 g cm -3
1.6 -2 g cm -3
> 2 g/ cm -3 < 1 g cm -3
> 2 g cm -3
< 1 g cm -3
> 2 g cm Table 6 . Distribution (relative proportion) of IR bands with the corresponding absorption bands of bulk soil from either depth (0 -10 cm and 10 -30 cm) (see also Table 7 . Relative distribution (mean and the standard deviation) of the functional groups of organic matter, with the corresponding absorption bands, for the soil fractions from either depth (0 -10 cm and 10 -30 cm).
Soil depth cm / Relative distribution in % (absorption band) < 1.0 g cm -3
1.0 -1.6 g cm -3
1.6 -2.0 g cm (7) 4.8 (±1.4) 6.3 (±1.0) 5.4 (±0.9) 2.9 (±1.4) Phenolic groups (8) 9.5 (±2. of the two highest sites (1+2; below; sites having a low fire frequency) and the two lower ones (4+6; above; sites having a high fire frequency). Fig. 7 . SEM images of the four separated fractions and, in white on the low side, EDX spectrograms of the areas marked off by squares. A) charcoal from the < 1 g cm -3 fraction, in which structure cells are clearly visible, B) particles of the 1.0-1.6 g cm -3 fraction; inset 1 shows an organo-mineral aggregate , C) the 1.6-2.0 g cm -3 fraction; inset 2 shows a glass particle, D) the >2 g cm -3 fraction: mineral particles are clearly dominant; inset 3 shows a possible iron (hydr)oxide. 
